Abstract Common variable immune deficiency (CVID) B cells have impaired responses to TLR7 and TLR9 agonists including poor cell proliferation, loss of cytokine production, and failure to produce IgG or IgA. We show that TLR7-or 9-activated B cells from CVID subjects with >0.5% peripheral isotype-switched CD27 + B cells (group 2) have increased mature Cγ1 and Cγ2 heavy-chain mRNA transcripts compared to subjects who have <0.5% isotype-switched cells (group 1). While TLR-stimulated CVID plasmacytoid dendritic cells for all subjects had impaired IFN-α production, TLR7 or TLR9 stimulation in the presence IFN-α normalized isotype-switched CD27 + B cells, enhanced activation-induced cytidine deaminase mRNA, and significantly improved IgG production only for group 2 subjects. IFN-α also upregulated TLR7 and TLR9 mRNA expression comparable to normal levels in B cells of group 2 subjects, indicating that the loss of IFN-α could be a significant component of the B-cell defect for these subjects.
Introduction
Common variable immune deficiency (CVID) is a primary immune defect characterized by reduced levels of serum immunoglobulins (Ig) due to lack of normal B cell differentiation [1, 2] . Since specific exogenous signals are required to differentiate naive B cells into antibody secreting cells, many investigators have examined in vitro Ig synthesis in CVID to dissect the nature of this collection of defects. These studies show that B cells of some CVID subjects retained a capacity for Ig synthesis in vitro while B cells of others did not. While most patients have normal numbers of B cells, modestly reduced numbers of CD27 + (memory) B cells, especially very low numbers of CD27 + IgD − (isotype-switched memory) B cells, are correlated to both poorer in vitro and in vivo antibody production [3] [4] [5] [6] and selected clinical complications [7, 8] . Differentiation of human CD27 − naive B cells into CD27 + memory B and plasma cells generally occurs within the germinal centers in secondary lymphoid organs where antigen-activated naive B cells undergo proliferation, somatic hypermutation of Ig variable (V)-region genes, isotype switching, and ultimately differentiation [9, 10] . In response to antigen re-challenge, memory B cells undergo somatic hypermutation of IgV-region genes and are capable of generating Ig of all isotypes. The loss of isotypeswitched memory B cells in CVID correlates well with the restricted variable heavy-chain (V H ) gene families usage and reduced somatic hypermutation of V H genes [11, 12] . In fact, it has been shown that the CD27 + IgD + B cells, which undergo somatic hypermutation in normal subjects, are less likely to do so in CVID subjects [4] . As plasma cell differentiation occurs predominantly from CD27 + B cells [13] , one predictable outcome is the lack of plasma cells in tissues in CVID [6, 14] .
One of the most potent stimulators for B-cell activation and maturation are the endosomal Toll-like receptors (TLRs), whose agonists are single-stranded RNA or various synthetic agonists (TLR7) and unmethylated CpG motifs in microbial DNA (CpG-DNA) (TLR9), respectively. TLR9 binding by CpG-DNA has been shown to activate normal B cells, upregulate the expression of co-stimulatory molecules, trigger the secretion of IL-6 and IL-10, and mediate T-independent isotype switch and specific antibody production independently of B-cell receptor (BCR) ligation [15] [16] [17] [18] [19] . Naïve B cells express low levels of TLRs while memory B cells constitutively express TLR7, TLR8, and TLR9 at higher levels [19] [20] [21] [22] . Ligation of TLR9 on memory B cells further upregulates its own expression, increasing cell sensitivity independently of the stimulating antigen while concurrently reinforcing specific antibody responses [23, 24] . The ligands for TLR7 also can activate naïve human B cells, leading to both cellular differentiation and Ig production [25, 26] . Interestingly for TLR7-mediated stimulation, removal of plasmacytoid dendritic cells (pDCs) was shown to reduce Ig production, demonstrating that either direct or indirect interaction with pDCs was required. Since the addition of IFN-α restored Ig secretion, this cytokine appears essential for TLR-activated antibody production in normal B-cell cultures [25] .
We have previously shown that TLR9-stimulated CVID B cells failed to upregulate CD86 or produce IL-6 or IL-10, and in the presence of TLR7, TLR8, and TLR9 ligands, B cells of many CVID subjects proliferated poorly, retained an immature CD27 + IgM + IgD + phenotype, and did not produce IgG or IgA [27, 28] . These defects were not limited to B cells as pDCs cultured with TLR7 and TLR9 ligands had markedly impaired the production of IFN-α. However, we now demonstrate here that IFN-α restores TLR7-and TLR9-triggered functional responses in B cells of CVID subjects who could be identified based on their peripheral B-cell phenotype.
Materials and Methods

Patients and Controls
Peripheral blood samples were obtained from 35 CVID subjects, ages 18-71, using an IRB-approved protocol and written informed consent. Diagnostic criteria for CVID included reduced serum IgG, IgA, and/or IgM two or more confidence intervals below the normal ranges for age and verified specific antibody deficiency. CVID subjects were divided into groups, based on previous studies [5, 7] , into those with isotype-switched CD27 + IgM − IgD − memory B cells (group 1) less than 0.55% of peripheral blood lymphocytes and those with greater than 0.55% (group 2). For group 1, isotypeswitched memory B cells ranged from 0% to 0.41% (mean 0.13%); for group 2 subjects, the range was 0.58% to 23.3% (mean 4.8%). All subjects were healthy and receiving regular Ig replacement; blood studies were done prior to these treatments. Healthy adult volunteers and normal blood bank donors served as controls.
Cell Isolation and Culture
Peripheral blood mononuclear cells (PBMCs) were isolated from peripheral blood of healthy human volunteers or CVID patients by Ficoll-Hypaque (Pharmacia, Uppsala, Sweden). CD19 + B cells were positively selected by immunomagnetic bead isolation (Miltenyi, Auburn, CA, USA). To ensure no contamination with CD3 + cells, the CD19 + fraction was then incubated with anti-CD3 immunomagnetic beads and passed over a magnetic column. CD27 + memory B cells were then isolated using positive microbead selection (Miltenyi Biotec, Auburn, CA, USA) as previously described [28] . Cell viability was assessed by trypan blue exclusion. Cells were cultured at a density of 2-4×10 5 cells/ml in 24-well plates. For TLR stimulation, cells were incubated for 6 days with optimal amounts of the TLR7 agonist, the guanosine analog loxoribine (500 μM), or the TLR9 agonist, CpGoligodeoxynucleotide ODN2006 (0.6 μg/ml), (InvivoGen, San Diego, CA, USA) in the presence or absence of increasing amounts of IFN-α (125, 250, 500, 1,000, or 2,000 U/ml) (Schering, Kenilworth, NJ, USA). To examine cell proliferation, B-cell fractions were suspended in prewarmed PBS with 0.5% BSA and labeled with 5 μM carboxyfluorescein succinimidyl ester (CFSE) ( RNAs were frozen at −20°C. The cDNA was then amplified using the following oligonucleotide primers: germline Cγ1 (forward, 5′-ACGAGGAACATGACTG GATGC-3′; reverse, 5′-TGTGAGTTTTGTCACAA GATTTGGG-3′) [29] , germline Cγ2 (forward, 5′-TCTCAGCCAGGACCAAGGAC-3′; reverse, 5′-ACTCGA CACAACATTTGCG-3′) [29] , mature Cγ1 (forward, 5′- [29] , mature Cγ2 (forward, 5′-CCTGGTCACCGTCTCCTCA-3′; reverse, 5′-ACTCGACACAACATTTGCG-3′) [29] , AID (forward, 5′-TGCTCTTCCTCGGCTACATCTC-3′; reverse, 5′-AACCTCATACAGGGGCAAAAGG-3′) [30] , and control β-actin (forward, 5′-CCCCCTGAACCCCAAGGC CAACCGCGAGAA-3′; reverse, 5′-TAGCCGCGCTCGGT GAGGATCTTCATGAGG-3′) [31] . The amplified products were analyzed on a 1% agarose gel containing ethidium bromide and visualized by UV light illumination. Quantitative real-time PCR was conducted using a LightCycler SYBR Green I Detection System (Roche Diagnostics). For this, 2 μl cDNA in a total volume of 20 μl were run in duplicate samples in glass capillary reaction tubes. Real-time PCR products were quantified by copy number per microgram of RNA relative to β-actin.
TLR7 and TLR9 mRNA Expression
To compare the expression of TLR7 and TLR9 mRNA at baseline and in stimulated CVID and control isolated CD27 + B cells, cells were cultured as above with or without 0.6 μg/ml ODN2006 or 500 μM loxoribine in the presence or absence of 1,000 U/ml IFN-α. After 6 days, mRNA expression was determined by quantitative real-time PCR using the following primers: TLR9 (forward, 5′-CTGCCACATGACCATCGAG-3′; reverse, 5′-GGA CAGGGATATGAGGGATTTGG-3′) [32] and TLR7 (forward, 5′-TGTTTCCAATGTGGACACTGAA-3′; reverse, 5′-TGTTCGTGGGAATACCTCCAG-3′) [32] . Real-time PCR products were expressed as copy number per microgram of RNA normalized to β-actin.
TLR-Induced IgG and IgA Production
PBMCs (5×10 6 cells/ml) from CVID patients categorized as groups 1 or 2 as above or normal controls were cultured with the optimum amount of loxoribine (500 μM) in the presence or absence of or 250, 500, or 1,000 U/ml IFN-α for 13 days. The IgG and IgA contents in the cell supernatants were determined by ELISAwith a lower detection limit of 7.8 ng/ml (Bethyl Laboratories, Montgomery, TX, USA).
IFN-α Production by pDCs
BDCA-4/neuropilin-1-conjugated magnetic beads (Miltenyi Biotec, Auburn, CA, USA) were used to isolate the pDCs as previously described from the peripheral blood of control and CVID group 1 and 2 subjects [27] . Isolated pDCs were stimulated for 48 h with either 100, 500, or 1,000 μM loxoribine, and IFN-α levels in harvested supernatants were assessed by ELISA (Bender Medsystems, Burlingame, CA, USA).
Statistical Analysis
Statistical analyses were performed using GraphPad Prism v.4.03 (GraphPad Software Inc, San Diego, CA, USA). Data were expressed as mean values and standard deviations, ranges, and, as needed, 10th percentiles and 25th (interquartile) percentiles. Mann-Whitney test was used to compare B-cell populations, PCR mRNA results, and IgG and IgA production between CVID and control subjects. A p<0.05 was considered as statistically significant.
Results
TLR-Mediated Induction of Germline and Mature Cγ1 and Cγ2
TLR ligands such as CpG-DNA (ODN2006) or loxoribine are strong B-cell activators, especially for CD27 + B cells. Binding of these ligands leads to class switch recombination, in which the Ig heavy-chain constant region (C H ) is rearranged to alter the antibody isotype. Germline mRNA transcription precedes Ig synthesis; mature mRNA is expressed after class switching. A comparison of the TLR9 activation profile in control and CVID CD27 + B cells (Fig. 1a) reveals that isolated CD27 + B cells from normal controls contain both germline (A) and mature (B) Cγ1 and Cγ2 transcripts in both unstimulated and stimulated cells. The CD27 + B cells of the two CVID subjects, each selected to represent group 1 or group 2 based on their peripheral blood memory B-cell phenotypes (Fig. 1a) , had detectable levels of germline Cγ1 and Cγ2 transcripts but had reduced mature transcripts before and after TLR activation. Examination in CVID subjects segregated based on their peripheral blood memory B-cell phenotypes (Fig. 1b) shows that, while TLR9 activation upregulated both germline and mature Cγ1 and Cγ2 transcripts in control CD27 + B cells and to some extent in CD27 + B cells of CVID group 2 subjects, induction of mature transcripts was most impaired in the CD27 + B cells of group 1 subjects with the lowest numbers of isotypeswitched B cells.
Examining the effects of TLR7 activation, CD27 + B cells of normal donors again had substantial levels of mature Cγ1 and Cγ2 transcripts in unstimulated and TLR7-stimulated cultures as opposed to the representative CVID group 1 and group 2 subject (Fig. 2a) . While CVID group 1 subjects had little or no baseline expression or induction of mature Cγ transcripts, B cells of group 2 subjects demonstrated somewhat greater enhancement, especially of mature Cγ1 and Cγ2 transcripts (Fig. 2b) . We conclude that, although CD27 + B cells were present in all the cultures, the markers of isotype switch, loss of IgM and IgD, are more specific indicators of TLR7 or TLR9 responsiveness.
IFN-α Augments TLR-Mediated B-Cell Proliferation and Class Switch in Select CVID Subjects
We previously showed that TLR7-and TLR9-induced pDC production of IFN-α was impaired in CVID [27, 28] .
However, adding exogenous IFN-α to TLR7-stimulated B-cell cultures augments cell proliferation (as shown here for one representative CVID subject; Fig. 3a ). More interestingly, TLR7 and IFN-α co-stimulation induces a striking increase in the number of isotypeswitched memory B cells for group 2 CVID subjects, which was significantly greater than in B cells of group 1 subjects (p=0.008) (Fig. 3c) . The B cells of group 2 subjects had responses indistinguishable from normal control B cells (Fig. 3b, c) , suggesting that the loss of IFN-α production could contribute to the persistence of an immature B-cell phenotype in these subjects.
IFN-α Can Enhance TLR-Triggered Upregulation of AID mRNA
Upregulation of AID mRNA normally occurs with isotype switch; thus, we examined AID expression in isolated CD27 + B cells from CVID group 1 and group 2 subjects and controls stimulated with ODN2006 or loxoribine, in the presence or absence of IFN-α, using quantitative real-time PCR (Fig. 4a, b) . Compared to baseline expression, either IFN-α, ODN2006, or loxoribine alone increased AID mRNA expression in control CD27 + B cells, while the combination of IFN-α in conjunction with either ODN2006 or loxoribine further enhanced AID mRNA expression. For B cells of CVID group 1 subjects, ODN2006 or IFN-α alone slightly induced AID mRNA (Fig. 4a) , and the combination of these two increased AID mRNA only marginally. For CVID group 2 B cells, adding IFN-α alone Fig. 1 TLR9 activation of germline and mature heavychain transcripts. Isolated CD27 + B cells (1×10 6 cells/ml) from a representative CVID group 1 (CVID 1), group 2 (CVID 2) subject, and two normal controls (NL) were cultured in medium (−) or with 0.6 μg/ml ODN2006 (+) for an optimal time (72 h) (a). Germline and mature Cγ1 and Cγ2 mRNA expression was assessed by RT-PCR. b Quantitative real time PCR results in CD27 + B cells from controls, ten CVID group 1, and eight CVID group 2 subjects in medium alone (−) or stimulated with 0.6 μg/ml ODN2006 (+). The data are expressed as copy number relative to β-actin and shown as the mean±standard error of the mean (SEM) Fig. 2 TLR7 activation of germline and mature heavy chain transcripts. Isolated CD27 + B cells (1×10 6 cells/ml) from a representative CVID group 1 (CVID 1), group 2 (CVID 2) subject, and two normal controls (NL) were cultured in medium (−) or with 500 μM loxoribine (+) for 72 h (a). Germline and mature Cγ1 and Cγ2 mRNA expression was assessed by RT-PCR. b Realtime PCR results in CD27 + B cells from controls, ten CVID group 1, and eight CVID group 2 subjects in medium alone (−) or with 500 μM loxoribine (+). The data are expressed as mean copy number±SEM relative to β-actin increased AID mRNA more than the TLR9 agonist alone, but, similar to the controls, the combination of ODN2006 and IFN-α was most effective. For TLR7 activation, stimulation with loxoribine, IFN-α, or their combination enhanced AID mRNA for control cells but, again, only had a slight effect for B cells of CVID group 1 subjects. However, B cells of group 2 subjects were as responsive to these activators as control B cells, with significantly more AID mRNA in loxoribine-and IFN-α-activated cultures than B cells of group 1 subjects (p=0.005) (Fig. 4b) .
IFN-α Promotes TLR7-Induced IgG and IgA Production
To determine what effect IFN-α might exert on in vitro, IgG or IgA production PBMCs from CVID group 1 and 2 Fig. 3 (continued) subjects were cultured with loxoribine, with or without varying concentrations of IFN-α (Fig. 5) . Although the IFN-α added did not increase IgG secretion for TLR7-stimulated CVID group 1 B cells, the dual-stimulated B cells of group 2 subjects demonstrated a significant increase in IgG production (p<0.0006) which was not significantly different from the normal control B cells. As with IgG, IFN-α also induced higher IgA production by TLR7-triggered B cells of normal controls. In contrast, B cells of CVID subjects in either group did not upregulate IgA even with dual stimulation.
IFN-α Increases TLR7 and TLR9 mRNA Expression
To explain the differences in TLR responses between B cells of group 1 and 2 subjects, we then examined the expression of TLR7 or TLR9 in CD27 + B cells of these subjects in comparison to control CD27 + B cells. In fact, unstimulated CD27 + B cells from both CVID group 1 (p= 0.04) and group 2 (p=0.0002) subjects had less TLR9 mRNA expression compared to normal B cells. However, activation with ODN2006, especially ODN2006 in conjunction with IFN-α, increased TLR9 mRNA expression in B cells of group 2 subjects to a level indistinguishable from control B cells (p=NS), while TLR9 expression remained low in TLR-stimulated B cells of group 1 subjects (p= 0.016) (Fig. 6a) . Similarly, TLR7 mRNA expression was also significantly reduced in unstimulated group 1 CD27 + B cells (p=0.002), while B cells of group 2 subjects expressed amounts of TLR7 mRNA similar to control B cells (p=NS) (Fig. 6b) . As with TLR9, activation of these cells with loxoribine and IFN-α upregulated TLR7 mRNA in B cells of both normal and CVID group 2 subjects (p=NS), while TLR7 expression in CVID group 1 B cells remained significantly impaired (p=0.002). These data suggest that both TLR7 and TLR9 mRNA expression are deficient in CD27 + B cells of CVID subjects, particularly for group 1 subjects. However, activation by either TLR7 or TLR9, especially in concert with IFN-α, can normalize the mRNA expression of these TLRs in B cells of CVID group 2 subjects, potentially explaining the enhanced responses of the cells from these subjects.
TLR7-Mediated IFN-α Production is Similar in CVID Groups 1 and 2 pDCs
We previously showed that CVID pDCs overall had substantially reduced IFN-α production upon TLR7 activation compared to normal controls [28] . To determine if group 1 subjects might, in fact, have more impaired Isolated B cells from CVID group 1 and group 2 and control subjects were cultured with or without 0.6 μg/ml ODN2006 or 500 μM loxoribine for 72 h in the presence or absence of 1000 U/ml IFN-α. AID mRNA expression was assessed by quantitative real time PCR and expressed as mean copy number ± SEM relative to β-actin. Stimulation with IFN-α alone or either ODN2006 or loxoribine alone increased AID mRNA expression in all subjects, however, mRNA was most increased in B cells cultured with TLR agonist and IFN-α. For ODN-activated cultures, results for group 1 and 2 subjects were not statistically significant (Fig. 4a) . However, in the presence of loxoribine, and especially IFN-α and loxoribine, AID mRNA was significantly upregulated for B cells of both controls and CVID group 2 subjects (**p=NS) but not for group 1 subjects (*p=0.005) (Fig. 4b) production of this cytokine, TLR7-induced pDC production of IFN-α was compared between CVID group 1 and group 2 subjects over a range of concentrations of loxoribine (Fig. 7) . IFN-α production was similarly deficient at 100 and 500 μM loxoribine for subjects in both CVID group 1 (n=16) and group 2 (n=13). Although pDCs from CVID group 2 subjects secreted somewhat higher levels of IFN-α than group 1 subjects at the highest concentration of loxoribine tested (1,000 μM) (p=0.0454), these amounts were still more than tenfold less than normal controls.
Discussion
We previously demonstrated that activation through the endosomal TLRs, TLR7, TLR8, and TLR9 resulted in defective B-cell proliferation, lack of IL-6 and IL-10 production, defective upregulation of AID mRNA, blunted isotype switch, and impaired IgG and IgA production in both CD27
− naïve and CD27 + memory CVID B cells [27, 28] . Although a panel of TLR ligands led to comparatively normal levels of inflammatory cytokines (TNF-α, IL-6, and IL-12), CVID pDC failed to produce IFN-α when triggered by TLR7, TLR7/TLR8, or TLR9 ligands [28] . In these studies, we show that adding IFN-α to TLR7-and TLR9-activated B-cell cultures improves outcomes by restoring proliferation, promoting isotype switching, upregulation of AID mRNA, and, to some extent, Ig secretion. While CVID is primarily considered an intrinsic B-cell immunodeficiency [2] , other cellular abnormalities such as T-cell activation and proliferative defects, loss of cytokine production, and monocytoid DC defects have been described [33, 34] . Having shown that pDC dysfunction with loss of TLR-mediated IFN-α production is integral to CVID, we now show that impaired production of IFN-α could also impact B-cell maturation and function. The mechanisms by which IFN-α and other type 1 IFNs augment normal B-cell development are complex and exerted at a number of levels. IFN-α is known to induce B-cell activation, amplify the BCR signal, increase B-cell Fig. 5 IFN-α enhances TLR7 mediated IgG and IgA production. PBMCs from CVID group 1 subjects (n=10), CVID group 2 subjects (n=10), or control subjects (n=10) were stimulated with 500 μM loxoribine (Lox) in the presence of IFN-α (250, 500, or 1,000 U/ml) for 13 days. IgG and IgA levels were quantitated by ELISA. TLR7-mediated IgG secretion by control B cells and CVID group 2 subjects correlated with increasing concentrations of IFN-α above that produced in the presence of loxoribine alone (single asterisk, p=NS). In contrast, the addition of IFN-α did not reverse the poor response to loxoribine stimulation in CVID group 1 subjects. However, both CVID group 1 and 2 subjects produced significantly less, if any, IgA as compared to normal controls (two asterisks, p< 0.004) in the presence of both loxoribine and IFN-α. Data are expressed as mean±SEM proliferation, and enhance survival [35] . Type I IFNs can also trigger myeloid DCs to upregulate the expression of potent B-cell activators, such as B-cell-activating factor and a proliferation-inducing ligand [36] , promoting specific antibody production. When pDCs as the main producers of IFN-α are removed from influenza-stimulated cultures of human PBMCs, the B cells in these cultures lose the capacity to secrete specific antibody to the virus and fail to mature into plasma cells [37] . In contrast, the enhancing, but potentially deleterious, effects of type 1 IFNs on humoral immunity are well known in autoimmune disease, where excess IFN-α appears to play a pathogenic role, leading to the activation and proliferation of auto-reactive B cells [38] [39] [40] . In this regard, we do not know if the addition of IFN-α to CVID B-cell cultures might lead to the expansion and isotype switching of B cells which recognize environmental antigens or of selfreactive B cells. Interestingly, although the B cells of CVID group 2 subjects were much more responsive to the added IFN-α in our studies, these subjects are actually less likely to have autoimmune complications [7] . This difference could possibly be attributed to a higher proportion of mature isotype-switched B cells, fewer aberrant auto-reactive B cells at baseline, or another autoimmune regulatory mechanism in the group 2 sub- Fig. 7 CVID group 1 and group 2 pDCs have similarly impaired IFN-α production. Isolated pDCs from CVID group 1 and group 2 subjects were stimulated with loxoribine for 48 h, and IFN-α levels in the supernatants were measured by ELISA. Normal pDCs served as controls. There was no difference in IFN-α production between CVID group 1 and group 2 subjects at 100 and 500 μM loxoribine although group 2 subjects produced more IFN-α than group 1 subjects at 1,000 μM (p=0.0454) + B cells from controls (n=10), CVID Group 1 (n=10), and CVID Group 2 (n=12) subjects were cultured with either 0.6 μg/ml ODN2006 or 500 μM loxoribine for 24 h with or without 1000 U/ml IFN-α. TLR7 and 9 mRNA expression was examined by quantitative real time PCR, expressed as copy number relative to β-actin. Boxes and whiskers represent mean and 25th and 75th percentiles. Baseline TLR9 expression in control B cells was significantly higher than CVID Group 1 (p=0.04) or Group 2 (p= 0.0002) B cells. While ODN2006 stimulation in the presence or absence of IFN-α did not affect TLR9 expression for CVID Group 1 B cells, IFN-α enhanced TLR9 mRNA expression levels in TLR9-stimulated CVID Group 2 B cells, comparable to control B cells (*p= NS) (Fig. 6a) . CVID Group 1 B cells (p=0.0023), but not CVID Group 2 (Fig. 6b) , had less TLR7 mRNA at baseline than control B cells. For B cells of Group 2, stimulation with loxoribine and IFN-α upregulated TLR7 expression to levels comparable to control B cells (*p=NS) but this did not occur for B cells of group 1 subjects jects. B cells with auto-reactivity have certainly been observed in some abundance in the peripheral blood of CVID subjects, especially in those with expanded numbers of complement receptor 2/CD21 B cells [41] . However, from a clinical point of view, both subjects with an expansion of CD21 B cells and those with very few isotype-switched memory B cells (group 1) are much more likely to have overt autoimmune disease [5, 7, 8] .
The biologic role that TLR ligands and associated adaptors play in B-cell responses overall is unclear. While both TLR7 and TLR9 are potent B-cell activators, MyD88−/− mice mount TLR-independent antibody responses [42] and antibody impairment has not been demonstrated in subjects with MyD88 or IRAK-4 mutations [43, 44] , suggesting that TLR signaling might not be essential for optimum B-cell responses. On the other hand, B cell switching from IgM to IgG isotypes requires the simultaneous presence of multiple signals: either direct TLR or CD40 stimulation on antigen-activated B cells or either one of these signals in conjunction with IFN-α [45] . One view is that TLR signaling may enhance T-dependent IgM antibody responses, particularly those arising from marginal zone B cells [46, 47] .
Previous work has shown that classification of CVID patients by peripheral blood B-cell phenotypes provides a biomarker related to development of autoimmunity, granulomatous disease, lymphoid infiltrations and splenomegaly, severity of lung disease, and responses to vaccine challenge [5, 7, 8, [48] [49] [50] [51] . We show here that while baseline TLR7 and TLR9 mRNA were impaired in CD27 + B cells of all CVID subjects, TLR activation of B cells from group 2 subjects only, in the presence of IFN-α, upregulated the expression of TLR mRNA to the same extent as that for normal controls [25] . As recently demonstrated, B-cell responses to TLR7 ligands in type 1 IFN receptor-deficient mice depend on an IFN feedback loop, as revealed by a selective defect in TLR7 expression in these IFNR−/− B cells [39] . Thus, B cells of CVID group 1 subjects, deprived of TLR-triggered IFN-α, might remain TLR unresponsive, lacking this reinforcement. In conclusion, the data presented here suggest that the numbers of circulating isotype-switched memory B cells in CVID subjects provide a useful marker, not only for the clinical phenotypes which have been described but also to predict inherent differences in TLR responses by both CVID pDCs and B cells.
